Detailed modeling of the free solution electrophoresis of five proteins (bovine R-lactalbumin, hen egg white lysozyme, bovine superoxide dismutase, human carbonic anhydrase II, and hen ovalbumin) is carried out within the framework of the continuum primitive model. Protein crystal structures and translational diffusion constants are used to design and parametrize the models. The modeling results are compared with experimental mobilities of protein charge ladders, collections of protein derivatives where the number of charge groups is varied by partial acylation of lysine residues or by amidation of glutamic and aspartic acid residues. The simplest model considered is the Yoon and Kim model of a prolate/oblate ellipsoid with uniform surface potential, electrostatics treated at the level of the linear Poisson-Boltzmann equation, and distortion of the ion atmosphere from equilibrium (ion relaxation) ignored (Yoon, B. J.; Kim, S. J. Colloid Interface Sci. 1989, 128, 275). This model provides good agreement with experiment but only if the net absolute protein charge is low or the average absolute surface, or , potential is less than ∼25 mV. Boundary element (BE) modeling is also carried out in which detailed surface models are employed and the electrostatics are solved at the level of the nonlinear Poisson-Boltzmann equation. Ion relaxation is also included in some of the BE studies. All of the experimental mobilities are in good (human carbonic anhydrase II and hen ovalbumin) to excellent (bovine R-lactalbumin, hen egg white lysozyme, and bovine superoxide dismutase) agreement with BE modeling that includes ion relaxation. We believe that these results taken as a whole serve to confirm the ability of the continuum primitive model to predict, with quantitative accuracy, the free solution electrophoretic mobilities of proteins, provided the underlying models are sufficiently realistic. When a discrepancy occurs, it may be due to error in modeling either the protein charge or the solution conformation. The models described in this work also provide a useful approach for determining values of ∆Z, the change in net charge of proteins due to the chemical modification of charged groups. Knowledge of ∆Z is essential for the use of protein charge ladders in the quantitative description of the electrostatic properties and interactions of proteins. This paper supports the view that the continuum primitive model may be more appropriate for the modeling of electrokinetics than for electrostatics. The main challenge to the accurate predictions of electrophoretic mobilities may lie primarily in the modeling of electrostatics, not electrokinetics.
I. Introduction
The prediction of electrophoretic mobilities of proteins from their sequences and structures is challenging because such predictions require accurate models of both the electrostatic and the electrokinetic properties of proteins. Electrostatic models are used to predict the distribution of charges on the protein due to the reversible binding of protons to ionizable groups and also the electrostatic potential in the vicinity of the model protein. Electrokinetic models take as input a particular distribution of charge and electrostatic potential and predict the electrophoretic mobility. Both types of models are generally based on the continuum primitive model. The combination of capillary electrophoresis (CE) and protein charge ladders is a useful experimental system for addressing this challenge, as it provides values of electrophoretic mobilities for a collection of protein derivatives that differ incrementally in the number of ionizable groups. In the prediction of electrophoretic mobilities of protein charge ladders, most of the effort has been devoted to modeling of the electrostatics; only simple models of the electrokinetics have been applied. The objective of this paper is to compare experimental mobilities with several electrokinetic models and to determine the degree to which these models can accurately predict the electrophoretic mobilities of proteins.
The combination of CE and charge ladders has been used for the characterization of a variety of physical properties and interactions of proteins: examples include their net charges, 1 hydrodynamic sizes, 2 molecular weights, 3 dissociation of titratable groups, 4, 5 and stabilities. 6 Charge ladders are produced by the partial and chemical modification of charged groups on the protein. The most common procedures involve the acylation of lysine residues with acetic anhydride 3 or the conversion of aspartic and glutamic acid residues to hydroxamic groups (amidation) with hydroxylamine. 7 In free solution capillary electrophoresis, these modified proteins separate into distinct bands, or "rungs", in which each rung consists of species with the same number of chemical modifications due to similarities in their net charges. [1] [2] [3] [4] [5] [6] [7] As investigators have attempted to extract more quantitative information from these charge ladder studies, such as the average charge difference, ∆Z, between successive rungs of a ladder, it has become apparent that more realistic modeling of the free solution electrophoresis of proteins is needed. Up to the present, much of the analysis has been based on the Henry model, 8 in which the protein is modeled as a solid sphere with a centrosymmetric charge distribution. The surrounding fluid is modeled as a hydrodynamic continuum with viscosity η and dielectric constant r . In addition, mobile ions in the solvent are modeled as a continuum and local ion concentrations are assumed to depend on the equilibrium electrostatic potential by the Poisson-Boltzmann equation. In terms of this model, there are two parameters: the protein radius, R, and the net protein charge, Z (in dimensionless units of the protonic charge).
To estimate Z from the charge ladder studies, it was initially assumed that ∆Z ) -1 for the acylation of lysines. However, neutralization of charge residues may alter the charge state of neighboring sites; this phenomenon, referred to as "charge regulation", can cause |∆Z| to be smaller than 1. 9 Charge regulation has been examined in terms of the Linderstrom-Lang model, 10 which employs a spherical model identical to that of the Henry model of electrophoresis 8 and estimates the fractional dissociation of specific charge groups on the protein surface and hence the net protein charge. Acylation of a particular lysine residue would not be expected to affect the charge state, or pK a , of all residues of the same type (histidines, for example) to the same extent. Histidines closer to the acylation site should experience a stronger shift in pK a than histidines that are further away. Over the last 15 years, atomically detailed models have been used to compute the charge states of proteins at the level of the linear Poisson-Boltzmann equation. [11] [12] [13] [14] [15] These methods have been used in the analysis of the free solution electrophoresis of protein charge ladders. 16, 17 Proteins typically are irregular in shape, carry complex charge distributions, and are not large compared to the thickness of the ion atmosphere that surrounds them. There is a need, therefore, to consider electrophoretic models that account more accurately for the detailed shapes and charge distributions of proteins. An important question we shall address is how much "detail" in models is necessary in order to obtain good agreement between experiment and theory. The Yoon and Kim model, 18 which models the protein as a prolate or oblate ellipsoid with a uniform surface potential, shall be examined. As in the case of the Henry model, the equilibrium charge distribution of ions in the vicinity of the model protein is employed. In addition, the Poisson-Boltzmann equation is solved at the linear level. For more detailed accounting of protein shape and charge distribution, boundary element (BE) methods shall be used in this work. [19] [20] [21] It should be pointed out, however, that BE methods are not yet widely available and are computationally expensive to carry out. In addition to accounting for detailed shape and charge distribution, account can be taken of "ion relaxation", which refers to the distortion of the local ion distribution from equilibrium due to the presence of an external electric or flow field. 22, 23 This effect is important for highly charged macroions including certain portions of the charge ladders of proteins. All of the models and methodologies discussed above are grounded on the continuum primitive model (CPM). 24 In the CPM, the particle is represented as an arbitrary low dielectric rigid body with an arbitrary, but defined, charge distribution within and/or on the particle. Outside the particlesolution interface, the local viscosity changes from a high value to that of the bulk solution over a narrow region; this region is contracted to a smooth surfacescalled the hydrodynamic shear surface, S p sthat envelopes the particle. Outside of S p , the solvent is represented as an incompressible fluid of viscosity η and dielectric constant r . Mobile ions are treated as a continuum as well, and the charge distribution is assumed to obey the Poisson-Boltzmann (equilibrium) or Poisson (nonequilibrium) equation.
One of the advantages of detailed BE modeling is that it should be possible to determine if the CPM is capable of accurately predicting the free solution electrophoretic mobility of proteins. If the answer to this question is yes, a second question is how sensitive are electrophoretic mobilities to details of protein structure and charge? We shall attempt to answer both of these questions by modeling the electrophoretic mobilities of charge ladders of five proteins reported in the literature.
II. Methodology
A. Analytical Models. The model for electrophoresis we should mention first is that of Henry, 8 which treats the protein or macroion as a sphere of radius R containing a centrosymmetric charge distribution of net charge qZ (q ) 1.602 × 10 -19 C) in a salt solution with Debye-Hückel screening parameter κ. (More precisely, the surface of hydrodynamic shear, S p , is modeled as a sphere of radius R.) The distortion of the ion atmosphere in the vicinity of the macroion from equilibrium, or ion relaxation, is ignored. Neglect of ion relaxation is a good approximation provided the absolute electrostatic potential at the macroion surface does not exceed ∼25 mV. 25 This model has been used in the past to interpret the electrophoretic mobility of protein charge ladders. In the present work, however, we shall discuss the more general Yoon and Kim model, 18 which treats the mobility of a prolate or oblate spheroidal particle with uniform surface potential, ψ 0 , at the solvent-particle interface. Let a and c denote the semi-axes of the ellipsoid with a g c. The orientationally averaged mobility, µ, reduces to that of the Henry model in the limit of a sphere with a ) c ) R. As in the case of the Henry model, ion relaxation is ignored and the ion distribution is assumed to obey the Poisson-Boltzmann (PB) equation where Λ 0 is the equilibrium electrostatic potential at some point in the fluid domain near the model macroion, 0 is the permittivity of free space, r is the solvent dielectric constant, F 0 is the local charge density, the sum over i is over all mobile ion species present, n°i is the bulk concentration of species i, z i is the valence of species i, k B is Boltzmann's constant, and T is the absolute temperature. At low surface potential (qΛ 0 /k B T , 1), eq 1 reduces to the linear PB equation where In water at 25°C containing monovalent salt of net positive or 
For an ion distribution which satisfies eq 2, Yoon and Kim obtained 18 where C Av is a slowly varying function of κc summarized in Figure 5 of ref 18 . In the limit of a sphere, C Av reduces to Henry's function, f(κc). It is important to note that C Av is relatively insensitive to particle shape as well as size and goes to 2 / 3 in the limit κc f 0 and 1 as κc f ∞. For proteins at the ionic strength of interest in this work, κc ≈ 1 and C Av (κc) lies close to its lower bound value of 2 / 3 . Consequently, it is convenient to define where 3 / 2 > g(κc) > 1 in general but g(κc) ≈ 1.0 for the proteins of interest in this work. It is also possible to express ψ 0 in terms of the net charge within/on the ellipsoid, qZ,
where R* is an effective particle size related in a straightforward way to the dimensions of the ellipsoid:
where d ) (1 -c 2 /a 2 ) 1/2 is the eccentricity of the ellipsoid. 18 Using eqs 5 and 6 in eq 4 gives eq 8:
If µ is in cm 2 /(kV s) (units used throughout this work), η is in centipoise, and R* is in nm, then eq 8 reduces to
where A ) 0.084 99. The advantage of eqs 8 and 9 is their simplicity. Except for the inclusion of an additional parameter (the particle radius, R, being replaced with R*, which, in turn, is a simple function of a and c), the basic form of the Henry model is retained.
In the capillary electrophoresis of protein charge ladders, it is observed that the proteins migrate in bands. On the basis of the Henry and Yoon and Kim models, these bands correspond to proteins of equal size, shape, and charge. Let Z 0 denote the charge of the unmodified protein, n the number of modified charge residues, and ∆Z the average change in protein charge that occurs when a single residue is modified. Also let µ 0 and µ n represent the (low field) free solution electrophoretic mobilities of the unmodified protein and of the protein with n modified charge residues, respectively. Assuming the validity of eq 9 and that protein conformation does not vary with n where s ) dµ/dn and If a value of ∆Z is assumed and if the macroion is also assumed to be spherical, it is straightforward to extract both R* ()R) and Z 0 from a charge ladder electrophoresis experiment. However, because of the charge regulation discussed briefly in the Introduction, ∆Z may depart from (1, depending on a variety of factors such as the pH and ionic strength as well as the nature of the particular protein being investigated. Assuming the protein is spherical is clearly an approximation as well.
In many cases, there are independent experimental data available that are useful in modeling protein electrophoresis. Sedimentation or diffusion constants have been reported for many proteins in both handbooks 26 and the literature. For example, the translational diffusion constant, D t , provides information about particle size. For a prolate or oblate ellipsoid, D t is given by 27 where R* is given by eq 7. In addition, the Protein Data Bank contains crystal structures for a vast array of biomolecules and biomolecular complexes that are readily accessible on the Internet. If a crystal structure is available, it is possible to make reasonable assumptions about the shape and size of the protein (or other biomolecule/biomolecular complex) in solution. For the proteins considered in this work, crystal structures are available and, in most cases, so are diffusion constants. From the atomic coordinates, the protein is placed in a reference frame whose origin is at the center of mass and also diagonalizes a tensor similar to the moment of inertia tensor. 28, 29 From the maximum and minimum atom positions in the x, y, and z directions in this reference frame, it is possible to identify a plausible ellipsoidal shape of a particular protein, specifically p ) a/c. Equations 7 and 13 can then be used to determine what a and c must be employed to yield the value of D t observed experimentally. At this point, eqs 11 and 12 contain only two unknowns, Z 0 and ∆Z. From µ 0 , Z 0 is determined, and from the slope, s, ∆Z is determined.
There are three shortcomings of this approach. (I) It is based on a model in which the protein is assumed to be prolate or oblate ellipsoidal in shape with a uniform surface potential, ψ 0 . From crystal structures, it is clear that protein topography is more complicated than this. (II) The surface potentials of proteins are not uniform, since charge is localized on specific residues. In principle, variation in potential on the surface of a particle does influence mobility, particularly if the particle is nonspherical. 30 (III) It is readily observed from a number of charge ladder studies that a plot of mobility versus n becomes progressively more nonlinear as the net absolute charge of the protein increases. The Yoon and Kim model predicts a linear dependence of mobility on net charge.
There are three reasons why the Yoon and Kim model does not predict the observed nonlinear correlation between mobility and n. First, it is based on the solution of the linear PB equation (eq 2). For highly charged proteins, the full PB equation is more appropriate (eq 1). Second, for highly charged proteins, ion relaxation becomes increasingly important and it is ignored in the Henry 8 and Yoon and Kim 18 models. The effects of ion
relaxation on the electrophoresis of spheres, 22,23,31,32 cylinders, 33, 34 and arbitrary model particles not large relative to 1/κ [19] [20] [21] have been examined. Modeling proteins as spheres showed that the effects of ion relaxation and the use of the full PB equation could account for much of the nonlinearity observed for the charge ladder of protein human carbonic anhydrase. 2 Third, the proteins could be undergoing a conformational change as the net absolute charge becomes large. Thus, the effects of complex shape/charge distribution as well as the first two causes of nonlinear charge effects can be considered and this is done in the present work. The possibility of a conformational change shall also be addressed indirectly by observing how well rigid model studies are able to reproduce the experimental mobilities of charge ladders. B. Boundary Element Methodology. The boundary element (BE) methodology for determining transport properties of rigid model particles has been discussed in detail previously. [19] [20] [21] The electrostatic and electrodynamic potentials are obtained by numerical solution of the nonlinear PB and general Poisson equations. Potential functions related to the distortion of the ion distributions from equilibrium, ion relaxation, are obtained by solution of a steady state ion transport equation for each of the mobile ion species present. The fluid velocity in the vicinity of the model particle is also needed, which requires solution of the low Reynolds number Navier-Stokes equation for an incompressible fluid. Under conditions where ion relaxation is significant, these various field equations are coupled together and it is necessary to solve them by an iterative procedure. 19 The model protein is represented as a plated structure, and an example of the protein R-lactalbumin is shown in Figure 1 along with a ribbon structure. The coordinates are "downloaded" from the Protein Data Bank, and they are then rotated to orient the particle so that its principal axis is along the x axis. The method used in the present work to generate the plated structures follows very closely the procedure reported previously in the construction of detailed models of short duplex DNA fragments. 35 As discussed in that work, a "protocylinder" is first constructed with the long axis in the x direction. The length of the protocylinder and its axial radius are chosen to entirely enclose all atoms. However, the y and z positions of the "origin vectors" are allowed to vary and are selected to correspond to a local center of mass. Then, an "effective atom exclusion radius", σ, is chosen and the protocylinder is "deflated" until all vertex vectors of the plates fall at a distance σ relative to the nearest atom of the entire protein. That value of σ which reproduces D t is then used to define the hydrodynamic shear surface, S p . (In the case of bovine superoxide dismutase, D t is not known to us. Values are reported in the literature 36 but undoubtedly correspond to aggregates. For that case, σ is set to 0.45 nm, which is a typical value for proteins modeled by this procedure.) As discussed previously, it is also necessary to construct a series of fluid shells increasing in thickness moving away from S p . This is achieved by constructing 50 surfaces in a manner identical to the procedure described previously but by increasing σ. The final surface is placed at a distance b/κ from S p , where b is typically 12-16. 37 Once a plated structure and its shell array are constructed, the orientationally averaged translational diffusion constant, D t , and the electrophoretic mobility, µ, as well as other transport properties, 38 are obtained by the BE procedure. For an irregularly shaped protein model, six separate BE calculations are carried out. In the first three (case 1), the model protein is placed in a constant external flow field directed along three orthogonal directions. In the second three (case 2), the model protein is placed in a constant external electric field directed along three orthogonal directions. From the total forces acting on the model particle in these six calculations, friction and "tether force" tensors are derived. From these tensors, straightforward averaging yields D t and µ. 20 C. Estimating Protein Charge. An essential element in the design of models of the electrophoretic mobility of proteins is the charge distribution, which arises from the protonation/ deprotonation of ionizable residues. For the proteins considered in this work, detailed crystal structures are available and there is no question about the identity and position of ionizable sites. In a few cases such as hen egg white 39, 40 and T4 lysozyme, 41 the pK a 's of the ionizable residues are, for the most part, known. (In the present work, the H + concentrations referred to by the K a 's are the bulk ion concentrations rather than the local ion concentrations.) Thus, there is little uncertainty of the degree of ionization of a particular residue and hence the net protein charge at a particular pH. In the past, BE modeling of unmodified hen egg white lysozyme versus pH 42 and of unmodified plus charge mutants of T4 lysozyme 43 has been carried out. For most proteins, including four of the five reported in this work, the values of pK a of individual residues are not known, although standard values, pK°a i , are available. 7 These pK°a i 's refer to the ion dissociation constants of specific groups in an environment of zero electrostatic potential on the protein surface relative to the bulk solution. In this work, these "standard values" are taken to be Arg ) 12, Lys ) 10.7, Tyr ) 10.2, hydroxamic acid ) 10, Cys ) 9.3, R-NH 3 + ) 7.4, His ) 6.5, R-COOH ) 4.9, Glu ) 4.4, and Asp ) 4.0.
Over the last 10 years, numerical methods have been developed to determine the pK ai 's of protein residues within the framework of the linear PB equation (eqs [11] [12] [13] [14] [15] . Recently, Sharma et al. applied this approach in a study of the charge ladder of hen egg white lysozyme and showed that it effectively identifies both specific and nonspecific cooperative interactions between titratable groups. 17 Sharma et al. went on to show that a simpler empirical method, based on the approach of Lee et al., 44 effectively describes the cooperativity in proton binding. Consider residue i on the surface of a protein in a solvent with dielectric constant r and Debye-Hückel screening parameter κ. Let ∆ψ i,j denonte the potential at site i due to a charge, q∆z j (q ) 1.602 × 10 -19 C), being placed at ionizable site j. The change in pK ai , ∆pK°a i,j ) pK°a i -pK°a i , due to this perturbation is where r ij is the distance between ionizable sites i and j. The uncertainty in the degree of ionization of a particular residue can be minimized by working at a pH that is far removed from pK°a i . Although ∆pK°a i,j may be significant, the degree of ionization of i is not significantly affected under these circum- (14) stances. In the present work, all studies are done at pH ) 8.4 and this minimizes the uncertainty in the degree of ionization of most residues and consequently the net protein charge. The pK°a i values listed at the end of the previous paragraph are used along with eq 14. The revised pK ai 's must be solved for iteratively. Initially, we set pK ai ) pK°a i and compute the degree of ionization of all residues at the assigned pH (8.4 in this case). Summing eq 14 over all j * i, a new estimate of each pK ai is computed. The revised pK ai 's are then used to reestimate the residue charge or degree of ionization. This procedure is repeated until the pK ai 's converge to a tolerance of 0.1%. It should be emphasized that this approach is an approximation of a formal calculation of pK ai at the level of the linear PB equation (eqs 11-15). However, since pK ai 's computed by the formal procedure are, in instances, at some variance with experimental pK ai 's, 13, 14 and since the formal procedure is carried out at the level of the linear PB equation, we believe that this simple procedure is adequate for the present work. It should be emphasized that defining the charge distribution of a model protein is approximate. However, the charge distribution or the pK°a i 's are in no way treated as adjustable parameters to fit mobility data. The effect of charge regulation is included in our model studies. For each member of the charge ladder, the iteration procedure discussed above is carried out. For example, suppose a particular lysine residue is acylated. Instead of simply setting the charge on that residue to zero, only the intrinsic charge on that residue is set to zero. Then, the iteration procedure of eq 14 is carried out. The net protein charge may change by a value different than -1.00, since the value of pK ai and, thereby, the degree of ionization of sites near the acylated lysine may be affected. D. Estimating ∆Z. As discussed in section II.A, the Yoon and Kim model can be reduced to a form (eq 9) that is directly proportional to the net charge contained on or within the model protein. It should be emphasized, however, that this is an approximation. In general, the mobility will depend on the charge distribution as well. Perhaps the most convincing demonstration of this comes from the work of Fair and Anderson. 30 In practice, the dependence of mobility on charge distribution appears to be fairly weak on the basis of analytical theory 30 as well as extensive BE modeling. [19] [20] [21] 35, 37 In the Results section of this work, we shall examine how the mobility varies within a single rung of a charge ladder for hen ovalbumin. For proteins of identical size, shape, and net charge, but different charge distribution, the variation in mobility is small. Consequently, it is a reasonable approximation to assume the mobility, µ, is a function of the average net charge, Z, although that functional dependence is not necessarily a linear one. Let n represent the number of lysine residues acylated (or minus the number of aspartic or glutamic residues amidated). Then we can write It should also be emphasized that the derivatives in eq 15 correspond to differences in mobilities that are averages over conformers that have the same net charge, Z. Now 〈dµ/dn〉 is obtained directly from experiment. In the present work, 〈dµ/ dZ〉 is derived from BE modeling studies. A plot of 〈dµ/dZ〉 from modeling is constructed and fit with a second order polynomial in Z. From this polynomial, ∆Z is estimated as Following this procedure, it is possible, in principle, to estimate ∆Z between successive rungs of the charge ladder. In practice, statistical uncertainty in both experiment and modeling makes an accurate determination of the n-dependence of ∆Z impossible. However, ∆Z's averaged over the entire ladder shall be determined.
III. Results
Crystal structures for hen egg white lysozyme (2LZT), bovine R-lactalbumin, (1F6S), hen ovalbumin (1OVA), human carbonic anhydrase II (1CA2), and bovine superoxide dismutase (1CBJ) are downloaded from the Protein Data Bank. With the exception of superoxide dismutase (SOD), where the solution structure is known to be a dimer, 45 modeling is carried out on the monomeric forms of the proteins. In SOD, the charge on both Zn and Cu atoms is taken to be +2. For hen ovalbumin, chain D of the crystal structure is used and the dephosphorylated form of the protein is modeled. 46 In four of the five proteins, the exception being R-lactalbumin, the buffer consists of 25 mM Tris base plus 192 mM glycine at pH ) 8.4. 7 This corresponds to a salt solution that is 7.9 mM in both Tris + and gly -. For R-lactalbumin, the buffer contains 20 mM NaCl in addition to the Tris and glycine present in the other solutions. 6 All modeling studies are carried out at 25°C, as done in the experiments. 6, 7 BE models are constructed following the procedure described in section II.B. In most cases, the proteins are modeled as structures made up of 144 plates, and Figure 1 shows an example. Limited modeling studies have been carried out in which the number of plates, N, is varied from 96 to 216. In the present applications, little systematic variation is observed in mobility with N and, consequently, N is set to 144 in all of the modeling studies reported in this work.
An obvious complication in modeling charge ladders is the large number of structures that might correspond to a single rung of the charge ladder. In the amidation of hen ovalbumin, for example, there are 47 different glutamic and aspartic residues in the monomeric protein. If, for example, eight of these are converted to hydroxamic acid residues 7 and the amidation is approximated to be purely random, there are 3.14 × 10 8 possible proteins corresponding to the single rung of eight amidation sites. Because of charge regulation, 9,47 the net protein charge is not expected to be identical in all of these. In addition, protein charge distribution does, in principle at least, influence mobility. In view of these factors, some variation in mobility within a single rung is expected. However, the fact that the free solution electrophoresis of charge ladders yields distinct bands of proteins migrating at different rates leads us to conclude that the variation in mobility/net charge is small relative to the differences in mobility/charge between proteins in different rungs. It is straightforward to address this issue in BE modeling. For the sake of illustration, the amidation and acylation of several rungs of the hen ovalbumin charge ladder are described. The convention used in this work represents the amidation of glutamic and aspartic acid residues with negatiVe rung numbers, n, and the acylation of lysines with positiVe rung numbers. The unmodified protein corresponds to n ) 0. At random, n residues are chosen and amidated or acylated. The charge state of the protein is computed following the procedure described in section II.C. The assumption is made that the conformation of the protein does not change relative to that of the unmodified protein; the BE approach is used to determine µ. This process is repeated for a
total of 4-10 independent runs for each rung of the charge ladder. The results are summarized in Table 1 . In this table, y 0 ) q〈Λ 0 〉/k B T represents a dimensionless potential averaged over the protein surface. Also, µ(nr) and µ(r) represent the mobilities in the absence and presence of ion relaxation. Standard deviations are included as well. Within a single rung of the charge ladder, the relative variation in Z and µ is approximately 3%. With regards to mobility, this variation is smaller than the variation in mobility between different rungs of the charge ladder when |Z| is small, but when |Z| is large, the variation in mobility between proteins within a rung becomes comparable to the variation between proteins in different rungs. This effect is not a result of the systematic change in variation within a rung as |Z| increases; the variation in mobility within a rung appears to be independent of |Z|, or nearly so. Instead, it is the result of ion relaxation, which reduces the increase in mobility for an incremental increase in |Z| as the value of |Z| becomes large. For the example of ovalbumin considered in Table 1 , this occurs for n ≈ +8. Similar behavior is observed for all of the proteins considered in this work. Because of this small variation, most of the results presented in this work come from a single protein model. Consequently, the accuracy of the resulting mobilities should be about 3% relative to that of a more exhaustive study in which multiple charge models are considered for every rung of every protein.
In Figures 2-6 , mobility is plotted versus n for the five proteins examined in this work. The Yoon and Kim model results (eq 9) are represented by diamonds. The axial ratios of the corresponding prolate ellipsoid are estimated from the crystal structure, as explained in section II.A. The major and minor axes of the ellipsoid are estimated from D t (eqs 7 and 13). Squares and triangles represent BE model mobilities in the absence and presence of ion relaxation, respectively. Finally, experimental mobilities are represented by ×'s. Some overlap of symbols occurs in Figures 2 and 3 . For all five proteins, it is clear that the model results in best agreement with experiment are the BE-with-ion-relaxation values. In the case of lysozyme, R-lactalbumin, and SOD, the agreement between experiment and BE modeling (with ion relaxation) is excellent. It should be emphasized that there are no adjustable parameters in modeling at this point. With the assumptions inherent in the continuum primitive model and the approximate method of predicting charge distribution and net charge, excellent agreement between modeling and experiment may be achieved. The nonlinear behavior in experimental values of µ that is particularly noticeable in the rungs of the ladder with the largest magnitude of net charge can be attributed to both a breakdown in the validity of the linear PB equation and the contribution of ion relaxation. This is in agreement with previous work using a spherical model of proteins. 2 For the BE model studies without The results from models of human carbonic anhydrase II ( Figure 5 ) and hen ovalbumin ( Figure 6 ) are not in as good agreement with experiment as those for the other three proteins. For ovalbumin, this is tentatively attributed to inaccurate estimation of the protein charge. An error in the pK ai of one or several charge residues would be expected to propagate through all rungs of the charge ladder and produce, to a first approximation, a constant offset between model and experimental values of µ. However, the slope of this curve, dµ/dn, should not be affected by inaccuracies in the estimate of net charge. In Figure  7 , dµ/dn is plotted for both experiment and BE modeling (with ion relaxation) for ovalbumin. Neglecting scatter, these data are in good agreement with each other and support the explanation of an error in estimating protein charge in this case.
The discrepancy between experiment and modeling of human carbonic anhydrase II is more complicated. As Figure 8 shows, the slopes, dµ/dn, for experiment and BE modeling do not agree with each other as well as in the case of ovalbumin. The slope of the data from experiments is smaller than that from modeling, particularly for small values of n. There are two possibilities for this difference in slope. In terms of the Yoon and Kim model, a difference in slope, according to eq 12, could be due to differences in particle size or ∆Z.
Values of ∆Z estimated for the five proteins as a function of n, following the procedure outlined in section II.D, are summarized in Table 2 , together with values of c and p (Yoon and Kim model parameters). We refer to these values as ∆Z BE to distinguish them from values determined from electrostatic models, referred to as ∆Z EM . For human carbonic anhydrase II, ∆Z BE does appear to exhibit a small variation with n, with ∆Z BE ≈ -0.85 for n ≈ 0 and approximately -1.0 for large n. The scatter in the data makes it impossible to say anything with certainty about the dependence of ∆Z BE on n. For all of the proteins studied, the values of ∆Z BE reported in Table 2 and computed from eq 15 are averages over all rungs of the charge ladder. For hen ovalbumin, values of ∆Z BE for the amidation (n < 0) and acylation (n > 0) portions of the charge ladder are averaged separately.
Because we now have two different ways of estimating ∆Z, values of ∆Z BE will be compared with values of ∆Z EM . The Lee model, described in section II.C, predicts a value of ∆Z EM 47 The accuracy in values of ∆Z EM reflects the accuracy with which electrostatic models predict values of pK a . The accuracy in values of ∆Z BE reflects the accuracy of the experiments and of the mobilities predicted by the BE model. Given the known difficulties with predicting accurate values of pK a using electrostatic models and the apparent accuracy of the BE model for predicting electrophoretic mobilities, we propose that values of ∆Z BE provide a more accurate estimate of the true value of ∆Z than ∆Z EM . The weakness of the BE approach is that it assumes the solution structure may be approximated by the model structure.
To address the issue of solution structure in the context of the discrepancy between values of dµ/dn from experiments and models of human carbonic anhydrase II, we consider the effect of particle size on predicted values of mobility. On the basis of the Yoon and Kim model, a smaller value of |dµ/dn| for experiments as compared to model predictions can be explained by a larger actual particle size than that employed in modeling. Changes in conformation, dimerization, or aggregation of the protein could account for such a difference in size.
As an extreme case, consider the effect of complete dimerization on the predicted values of the mobility of charge ladders. In this regard, it is worth considering the charge ladder of SOD, since this protein is known to exist in solution as a dimer. 45 From Figure 4 , the model mobility of the dimeric protein agrees very well with experiment. What if we also consider the model mobility of the monomeric protein? The results are presented in Figure 9 , and clearly, the monomeric model does not do as well. For the unmodified protein, |µ| monomer < |µ| dimer but |dµ/ dn| monomer > |dµ/dn| dimer . Next, contrast experimental and modeling (BE with ion relaxation) mobilities for human carbonic anhydrase II in Figure 5 . Although the pattern is similar to that seen in Figure 9 , the differences between model and experimental mobilities of human carbonic anhydrase II are substantially smaller than the differences seen for monomer and dimer SOD models. Thus, dimerization is not a likely cause for the discrepancy between models and experiments for carbonic anhydrase.
We cannot, however, rule out a small expansion of the actual protein relative to that seen in the crystal structure as the reason for the differences in model and experimental mobilities for human carbonic anhydrase. Using the Yoon and Kim model and assuming p ) 0.85, a prolate ellipsoid with the minor axis equal to 2.78 nm would match the initial (n e 5) experimental slope, dµ/dn. This is about 5 Å larger than the value given in Table 2 .
IV. Summary
The free solution electrophoretic mobilities of the charge ladders of five proteins have been modeled within the framework of the continuum primitive model. The analytical Yoon and Kim model 18 provides a good account of the electrophoretic mobility of a protein provided the absolute net charge is small. In general, it is necessary to go beyond the linear PB equation and include the effects of ion relaxation in order to reproduce experimental mobilities. On the basis of the present work, it is concluded that the continuum primitive model can yield mobilities in excellent agreement with experiment provided the underlying models are realistic representations of the actual solution structure. This can be achieved by numerical boundary element methods.
The models described in this work provide a useful approach for determining the values of ∆Z, the change in net charge of proteins due to chemical modification of charged groups. Knowledge of ∆Z is essential for the use of protein charge ladders in the quantitative description of the electrostatic properties and interactions of proteins. Previous estimates of ∆Z were made using simulated titration curves, and their accuracy is limited by the ability to calculate accurate values of pK a for titratable groups of protein. In contrast, the values of ∆Z reported in this work are determined by comparing experimental and calculated values of the change in mobility with the number of modified charge groups. The accuracy of these values of ∆Z reflects the accuracy of the measured values of mobility and the accuracy of the BE model. This paper supports the view that the continuum primitive model may be more appropriate for the modeling of electrokinetics than for that of electrostatics. Other investigators [11] [12] [13] [14] [15] have examined the ability of the equilibrium CPM to predict the pK a charge residues of proteins, and some discrepancies between modeling and experiment have been observed. As discussed in the Results section, discrepancies in regard to electrokinetic modeling may very well be due entirely to inaccuracies in estimating the net charge of the model particle. In this view, the main challenges to the accurate predictions of electrophoretic mobilities lie primarily in the modeling of electrostatics, not electrokinetics.
It is hoped that this work will stimulate the use of charge ladder experiments on proteins, biomolecules, and biomolecular complexes, coupled with detailed modeling, to address quantitative questions regarding solution structure and charge. Currently, such studies are underway on calmodulin and its complexes as well as the membrane protein lipase and the complex it forms with colipase. 
